Introduction

A brief history of the SIR-C/X-SAR system
The most advanced civil-use spaceborne SAR system of its time, the Spaceborne Imaging Radar-C/X-band Synthetic Aperture Radar (SIR-C/ X-SAR) had its roots in a series of imaging radar missions that began with NASA's Seasat synthetic aperture radar in 1978 (Evans et al., 2005) . Seasat was a single frequency (L-band with wavelength of 24 cm), single polarization, radar, with a fixed-look angle (23°). Next up in 1981 was the Shuttle Imaging Radar-A (SIR-A), which flew on the Space Shuttle Columbia, and was another L-band radar with a fixed look angle (Elachi et al., 1982) . Mechanical steering for a multi-look angle capability was added and flown in 1984 as the SIR-B radar system (Cimino et al., 1986) . In parallel, the German Aerospace Center (DLR, then called DARA) had also developed and flown an X-band (wavelength 3 cm) SAR known as the Microwave Remote Sensing Experiment (MRSE) on the Space Shuttle Columbia in 1983 (Dieterle and Schlude, 1982) . and Bamler, 1995; Freeman et al., 1995; Sarabandi et al., 1995; Ponte and Vetrella, 1997; Fang and Moore, 1997; Fujita et al., 1998) , for the other sub-groups to then confidently apply and validate their geophysical estimation algorithms.
Oceanographers found the data useful in studying surface features on the open ocean (Holt, 1998; Macklin and Stapleton, 1998; Monaldo and Beal, 1998; Melsheimer et al., 1998) , including natural and manmade oil slicks (Masuko et al., 1995; Gade et al., 1998; Migliaccio et al., 2007) . Snow hydrologists advanced their understanding of how microwaves can be used to probe the properties of snow packs (Shi and Dozier, 1997; Matzler et al., 1997; Shi and Dozier, 2000a; Shi and Dozier, 2000b) . Scientists investigating microwave remote sensing of precipitation found quite a few examples in SIR-C/X-SAR data Jameson et al., 1997) . Land surface hydrologists mined rich veins of SIR-C/X-SAR data to investigate soil moisture variability (Wang et al., 1997; Macelloni et al., 1999; Narayanan and Hirsave, 2001 ) and wetlands (Pope et al., 1997; Pope et al., 2001; Alsdorf et al., 2001; Hess and Melack, 2003) . Ecosystem scientists have applied SIR-C/X-SAR data to a diverse range of vegetation biomes . Researchers have reported estimates of biomass and carbon storage in Northern and temperate forests (Souyris et al., 1995; Ranson and Sun, 1997; Harrell et al., 1997; Bergen et al., 1998; Ranson et al., 2001) ; deforestation and secondary growth in tropical forests (Saatchi et al., 1997; Foody et al., 1997; Rignot et al., 1997; Yanasse et al., 1997) ; and land use classification and monitoring in agricultural regions (Pultz et al., 1997; Soares et al., 1997; Ferrazzoli et al., 1997; Pierce et al., 1994; Pierce et al., 1998; Zribi et al., 1997; Nagai et al., 1997; Paloscia, 2002) . Volcanologists have found SIR-C/X-SAR data to be helpful in the study of both active and dormant volcanoes MacKay and Mouginis-Mark, 1997; Huadong et al., 1997; MacKay et al., 1998) . Geologists found the data to be especially beneficial in revealing geologic features obscured by sand or vegetation cover (Kruse, 1996; Guo et al., 1996; Schaber et al., 1997; Weeks et al., 1997; Dabbagh et al., 1997; Stern and Abdelsalam, 1996; Abdelsalam and Stern, 1996; Kusky and Ramadan, 2002; Mchone et al., 2002) . Cryosphere scientists have studied mid-latitude glaciers using SIR-C/X-SAR data (Forster et al., 1996; Albright et al., 1998; Floricioiu and Rott, 2001) . New applications for the data, that emerged after the mission, include archaeology (Moore et al., 2006; Chen et al., 2015) and even prospecting for gold (Ramadan et al., 2001 ).
System description
SIR-C/X-SAR was the first multi-frequency, multi-polarization SAR system flown in space (Stuhr et al., 1995) . Its 12 m by 4 m antenna and radar electronics modules were mounted on an aluminum support structure which nearly filled the Shuttle cargo bay (Fig. 2) . The orbit altitude for both missions was roughly 225 km. On-orbit the Shuttle was oriented so that the mechanical boresight of the L-and C-band antennas was about 40°off nadir. Pointing over a wide range of look angles was achieved electronically via a phased array antenna at L-and C-band, and mechanically rotating the slotted waveguide antenna at X-band. All three wavelengths were pointed towards the same look angle for each data acquisition. Left-and right-looking imaging configurations were achieved by re-orienting the Space Shuttle at intervals throughout each mission.
As the Shuttle approached each supersite, the antenna was pointed so that the radar's footprint on the ground would cover it. The challenge then for the radar systems engineering team was to pre-determine the appropriate mode for the radar system, and set up the commands to execute it. Officially, the system had 23 modes to choose from (Stofan et al., 1995) , but as can be seen from Table 1 , there were in fact a very broad range of options available. Fortunately, some options were categorized as 'experimental' modes, and not routinely offered to the science team sub-groups. A limiting factor in SIR-C/X-SAR operations was the capacity of the onboard data recorders, which could accommodate 180 Mbps for the L-and C-band receivers, and 45 Mbps for the X-band. Taking this into account, the widest swath widths were obtained when operating with just one polarization at each wavelength; as additional polarizations were added swaths became narrower.
Data were acquired more or less continuously during each 10-day mission, with occasional breaks so the astronaut crew could reload the onboard tape recorders, where all of the data were stored for later processing on the ground. A limited amount of data was relayed to the ground in real-time through NASA's Tracking and Data Relay Satellite (TDRS), which allowed some very fast turnaround SAR data processing and calibration runs (Freeman et al., 1994) , and for the science teams to test some of their algorithms during the mission.
Radar system innovations
The 1994 SIR-C/X-SAR missions generated a series of firsts for a civil-use, spaceborne SAR system. What follows is a brief discussion of each of these innovations and their significance.
First electronically steerable, phased array SAR
Really two phased array systems (the L-and C-band antennas were independent of each other), the SIR-C antennas had a distributed feed network with Transmit/Receive (T/R) modules mounted on the backplane . Separate feed networks and T/R modules fed the H and V channels which were connected to microstrip patch radiating elements on the front face of each antenna. This delivered the capability to transmit and receive both polarizations simultaneously. Phase shifters embedded in each T/R module could be programmed to electronically point the antenna pattern ± 23°in elevation, ± 2°in azimuth. Antenna feeds were divided into two branches (fore and aft) which were usually combined, but for C-band V-pol only could be fed separately into the receiver subsystems, enabling an experimental along-track interferometry (ATI) mode. The innovation of using a SAR with a phased array enabled nearinstantaneous antenna pointing changes, guaranteeing coverage of all the science supersites on nearly every overpass, and enabled new modes of operation, such as ScanSAR, Spotlight and ATI. An additional benefit of using distributed T/R modules, with low power amplifiers, instead of a single high-power amplifier (e.g. a Travelling Wave Tube Amplifier or TWTA), is that it reduces the losses in the feed network which would be considerable in the case of such a large antenna . The flexibility and resilience that a phased array antenna affords have been incorporated into the design of many civil-use SAR systems that have flown since 1994 (Table 2) .
First multi-frequency SAR
Combining all three wavelengths into one spaceborne SAR system had not been done before (or since). It allowed scientists to compare simultaneously acquired radar backscatter characteristics across frequencies using targets representative of the entire Earth, and select the appropriate frequency for a given set of science drivers for future missions, such as the Shuttle Radar Topography Mission (SRTM) (Werner, 2001; Farr et al., 2007) and TanDEM-X (Moreira et al., 2004; Krieger et al., 2007; Rizzoli et al., 2017) . For example, if the goal is to study long-term surface deformation, L-band is preferred, since it leads to less decorrelation in vegetated areas ; whereas if the goal is to map surface topography, shorter wavelengths were seen to perform better (C-and X-band). Fig. 3 illustrates how each of the three bands can provide different information about an area under investigation. The dark intrusion at the bottom of the X-band image at the lower left of Fig. 3 could easily be confused with low backscatter from flooding, since open water tends to produce similar results in SAR images, provided the water surface is smooth on the scale of the radar wavelength. But the L-band image at the lower right shows no corresponding area of lower backscatter, which means the observed dark area cannot be a surface feature, since anything that is smooth on the scale of the radar wavelength at X-band will also most certainly be smooth at L-band. This is exemplified by the dark, sinuous river feature that winds its way across both X-band and Lband images. Finally, the C-band image in the lower center frame of the figure provides the final clue, since the dark intrusion is reduced in area, and in degree of darkness. The observed image artifacts are caused by the presence of a tropical rain cell over this area of Western Brazil (called Rondonia), where such events are frequent (Danklmayer et al., 2009) . The rain attenuates the X-band radar waves strongly, resulting in no visible return from the surface; less strongly at C-band; and has no visible effect on the L-band data. This is entirely consistent with what propagation theory predicts for the effect of rain cells on radar waves. With some additional knowledge added of the underlying surface backscatter, simultaneously acquired multi-frequency SAR data can be inverted to estimate precipitation rates, to detect hydrometeor phase, and to classify rain type (Jameson et al., 1997) .
The sensitivity to vegetation biomass of each radar wavelength can also be seen in Fig. 3 . Rectangular patches of undisturbed forest are bright in all three wavebands, and show up as salmon-colored in the Table 2 Earth-orbiting, civil-use Microwave Remote Sensing systems flown since 1994arranged by launch yearthat exploit techniques first demonstrated by SIR-C/X-SAR (Farr et al., 2007; Ahmed et al., 1993; Ruf et al., 2018; Desnos et al., 2000; , Fox et al., 2002 Di Lazzaro et al., 2008; Werninghaus et al., 2004; eoportal, 2019; Krieger et al., 2005; Misra et al., 2006; Lee, 2010; Snoeij et al., 2010; Spencer et al., 2009; Yokota et al., 2013; Cohen et al., 2017; eoportal, 2019a; Frulla et al., 2011; Iceye, 2019; Séguin, 2005) . Note that although both SRTM and TanDEM-X benefited from the RPI for Topography demonstrated with SIR-C/X-SAR, the technique actually used on these missions is Single-Pass Interferometry (SPI). Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 color composite image. All of the clear-cut areas tend to be dark in the L-band image; areas that are dark blue are dark in all three wavebands, indicating very low levels of vegetative cover, such as one would expect to see for grassland pastures. Areas that appear green in the color composite image have higher backscatter levels at C-band (but not at Lband), indicating intermediate levels of vegetation, e.g. scrubland where cleared forest is starting to grow back. Researchers have had access to multi-frequency spaceborne SAR data since SIR-C/X-SAR, acquired over the same areas by, for example, ALOS PalSAR-2 Rosenqvist et al., 2014) , Sentinel-1 (Snoeij et al., 2010; Potin et al., 2016) or Radarsat-2 (Fox et al., 2002; Séguin and Ahmed, 2009) , and TerraSAR-X (Werninghaus et al., 2004; Werninghaus and Buckreuss, 2009) . The difference is that these acquisitions are not contemporaneous, which introduces the extra dimension of temporal variability into the data. Precipitation (rain or snow) between acquisitions can change the radar backscatter; as can drought conditions, vegetation growth and senescence, land use changes, wind conditions (over water in particular), and atmospheric conditions. All of these confounding factors make interpretation of noncontemporaneous, multi-frequency SAR data much less straightforward than was the case for SIR-C/X-SAR.
First civil-use X-band SAR
MRSE was supposed to precede X-SAR as the first civil-use X-band SAR, but because of an on-orbit malfunction, that honor goes instead to X-SAR. The results from the 1994 missions showed that X-band SAR had value in mapping geophysical characteristics of the Earth's surface, beyond reconnaissance of targets of geopolitical interest (Gunter's Space Page, 1964) . This realization led to a slew of X-band spaceborne SARs for civil-use, as can be seen in Tables 2 and 3 .
First SAR with polarization diversity
The Seasat, SIR-A, SIR-B and MRSE SAR systems (Evans et al., 2005; Elachi et al., 1982; Cimino et al., 1986; Dieterle and Schlude, 1982) were all single-polarization systems, as were the European ERS-1 (Attema et al., 2000) and Japanese JERS-1 (Nomoko et al., 1991) , already on orbit in 1994, and the Canadian Radarsat-1 which launched in 1995 (Ahmed et al., 1993) . SIR-C could transmit horizontally polarized (H) or vertically polarized (V) radar pulses, and receive either H-or V-polarized echoes. The convention used is that HV means Hpolarization transmit, V-polarization receive. SIR-C could therefore acquire multiple combinations of (HH, HV, VH and VV) polarizations at both L-band and C-band (Table 1) . Results from the 1994 missions demonstrated the value of multi-polarization measurements in science investigations, and nearly every civil-use SAR launched since has incorporated this capability, either as dual-or quad-polarized imaging systems (Table 2) .
First fully polarimetric SAR
The importance of measuring all four channels HH,HV,VH and VV coherently, i.e. with all polarimetric phases intact, was eloquently championed by the late Prof. Wolfgang Boerner (Boerner et al., 1988; Boerner et al., 1992; Boerner et al., 1998) , and his work had a significant influence on the adoption of the fully polarimetric mode for SIR-C. In this mode, all four canonical elements of the Scattering Matrix (HH, HV, VH and VV radar echoes) were measured coherently and simultaneously, and it was possible to separate out the different physical scattering mechanisms contributing to the observed radar backscatter (van Zyl, 1989; Freeman and Durden, 1998) . Mathematical decompositions of the scattering matrix into separate, often orthogonal components, provide a powerful tool for discriminating between and understanding the nature of surface features (Cloude and Pottier, 1996) . Fig. 4 is an example of how separation of scattering mechanisms in SAR polarimetry can help in interpreting SAR images. The L-Band image shown in the figure was acquired in April 1994 and is of a largely flat, agricultural polder in the Netherlands, just East of Amsterdam, which was a SIR-C supersite for Calibration and Ecology (land use) studies. Surface, double-bounce and volume scattering mechanisms estimated from the fully polarimetric SAR data are combined for each pixel, represented in color as blue, red and green, respectively. Dark blue pixels are areas where scattering from a smooth surface dominates, largely open water and a few of the fields in the center of the image which are probably bare soil. At the time of acquisition, most of the Fig. 3 . Three-frequency SIR-C/X-SAR overlay of a rain event observed over an area of tropical rainforest in Rondonia, western Brazil. The image frames at the bottom are, from left to right, X-band VV-pol, C-band HV-pol, and L-band HV-pol. In the color composite image these same frames are color-coded blue, green and red. This example shows the increasing signal attenuation due to the rain with radar frequency in C-band and X-band, whereas the L-band is mostly unaffected. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 agricultural fields were in fact bare soil, which show up as rectangles of lighter shades of varying degrees of blue, indicating different surface roughness patterns. Large areas of forest plantations appear green in the image (mostly due to volume scatter from the tree canopies). The suburban towns of Almere and Harderwijk appear mostly yellow in the image, indicating a mix of double-bounce and volume scatter. The double-bounce component is probably from right angles formed by streets and the sides of buildings. The volume scatter in this case could be from trees along leafy suburban avenues, or from scattering from buildings that are not aligned with the radar flight direction, and therefore exhibit non-reflection symmetry which generates significant HV-polarized returns (Yamaguchi et al., 2005; Ainsworth et al., 2008) . The field of Radar Polarimetry was given a significant boost by the SIR-C/X-SAR mission. For the first time, researchers had access to fully calibrated, polarimetric SAR data sets that covered large areas at similar look angles ( Fig. 4 ). Previous airborne data had variable incidence angles across each image, which changes the scattering characteristics significantly (Freeman et al., 1992) .
First ScanSAR
SAR designers had long sought ways to enhance the swath coverage obtained from a spaceborne SAR system so that larger areas could be accessed from orbit, and temporal revisit interval decreased. The impetus came mostly from the oceanographic scientists, who wanted more frequent, synoptic views of ocean features that cover larger scales than the typical 80-100 km swath images produced by Seasat, ERS-1/2, and JERS-1. Examples include the surface manifestation of major ocean currents such as the Gulf Stream, mesoscale eddies, surface wind patterns beneath typhoons and hurricanes, and sea ice extent. Using the electronic steering capability of SIR-C's phased array antennas to point the antenna footprint at multiple sub-swaths in elevation during a single pass over a target area, it was shown for the first time that this was indeed possible (Chang et al., 1995) , using a technique known as ScanSAR (Tomiyasu, 1981; Moore et al., 1981) , with the trade-off being reduced spatial resolution in the along-track or azimuth dimension.
The first ScanSAR image acquired by SIR-C/X-SAR is shown in Fig. 5 . The image was acquired over the northernmost edge of the sea ice pack in the Weddell Sea, off Antarctica. The transition from open ocean (blue) at the top of the image to sea ice (green) at the bottom is clearly visible. Also seen are two large ocean circulation features, which are eddies. Oceanographers study eddy processes in this region because they play an important role in the circulation of the global ocean and the transportation of heat towards the pole.
This demonstration of obtaining wide swath coverage by rapidly The image is multi-frequency (C-and L-band) and multi-polarization (VH and VV), with dimensions 240 km × 350 km. The small inset image at top right is a narrower-swath SIR-C/X-SAR image acquired the following day, illustrating the huge difference in swath coverage between the ScanSAR mode and a more typical multi-channel SIR-C/X-SAR acquisition.
switching between sub-swaths in elevation was an enabling capability for the SRTM mission (Farr et al., 2007) , and has been adopted in many subsequent spaceborne SAR systems (Table 2 ). Since SIR-C/X-SAR, SAR designers have found ways to improve on the ScanSAR technique. Due to the so-called scalloping effect (Bamler, 1995) ScanSAR images are impacted by systematic SNR variations in the azimuth direction. To overcome this problem the Terrain Observation by Progressive Scans (TOPS) mode combines scanning in elevation with backward to forward steering (opposite to spotlight mode) of the beam in the flight direction (de Zan and Monti Guarnieri, 2006).
First spotlight SAR
By electronically steering the phased array antenna in azimuth, so the footprint remains pointed towards a particular target area, the resulting data can be processed to obtain higher azimuth resolution than the classical half the antenna length (L/2) limit. This was demonstrated via a Spotlight mode SIR-C data acquisition over Sydney, Australia during the second mission (Fig. 6) .
Processing of SIR-C Spotlight mode data is described in (Lanari et al, 2001) . This experimental mode for the SIR-C/X-SAR mission has since been incorporated into the design of several SAR systems, for use when high spatial resolution is really needed. For example, the staring spotlight mode on TerraSAR-X fully exploits the steering capabilities and can provide azimuth resolutions down to 20 cm (Mittermayer et al., 2014) .
First onboard 2-D SAR and real-time processing
The Johns Hopkins University Applied Physics Laboratory (JHU/ APL) added an electronics box to the SIR-C radar electronics that tapped off the C-band HH receive chain and processed the data acquired in real-time, turning the resulting focused SAR images into wave spectra for downlink through NASA's Tracking and Data Relay Satellite (TDRS) (Beal and Monaldo, 1995; Beal et al., 1991) . This introduction of Onboard processing (OBP) was well ahead of its time, and to our knowledge this innovation has been adopted by no civil-use SAR system designed and built since (Table 2) .
A ground-based real-time processor was developed for the X-SAR system, which was integrated in the mission control facilities in the Space Center Houston. Depending on the availability of TDRS relay, the X-SAR raw data were downlinked and processed with an azimuth resolution of 16 m to 60 m using a simplified SPECAN (Spectral Analysis) algorithm. The real-time processing allowed a quick cross-check of the data quality, optimization of the radar instrument parameters and provided fast access to the data by the mission scientists. The images were also displayed on NASA television in real-time during the mission.
First along-track interferometer
On both flights of SIR-C/X-SAR, the ATI mode was exercised over the Gulf Stream supersite (Mango et al., 1995) , with a phase center offset of half the physical antenna length -6 m. In situ surface current measurements were collected to compare with ocean surface motion estimates from the ATI data. Because of the short baseline between the phase centers, the sensitivity of these ATI measurements of opportunity was somewhat limited, but the general feasibility of current measurements from satellites using SAR interferometry was demonstrated (Romeiser et al., 2002) . The split antenna concept has been adopted on TerraSAR-X and TanDEM-X to provide ATI measurements and an experimental fully polarimetric mode (Werninghaus and Buckreuss, 2009; Gabele et al., 2009; Bueso-Bello et al., 2017) .
First rapid-turn-around Cal/Val
Data from the Seasat, SIR-A, and SIR-B missions were not routinely calibrated. Quick-look images were available for ERS-1 and JERS-1, but users often had to wait many months to get their hands on fully calibrated data products. During both SIR-C/X-SAR missions, rapid response teams were engaged in processing and turning out the first calibrated data products within hours of their acquisition (Zink and Bamler, 1995; Freeman et al., 1995) . A multitude of calibration devices including corner reflectors, transponders, tone generators and signal receivers were deployed at several of the supersites distributed around the world (see example in Fig. 7) . The objective was to get calibrated data acquired over the supersites into the hands of science investigators as quickly as possible, so they could validate their algorithms and generate geophysical parameters (Stofan et al., 1995) . This practice became more common following SIR-C/X-SAR (Table 2) . Fig. 6 . First C-Band VV polarization Spotlight SAR image from SIR-C/X-SAR data acquired over Sydney, Australia). Image dimensions are 1.3 km × 10 km. Spatial resolution is~1.25 m in azimuth,~10 m in range in the frame to the far right. Pixels have been multi-looked or spatially averaged in azimuth by factors of 2, 4 and 8 in the frames to the left. A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 2.11. First topographic mapping using Repeat-Pass Interferometry (RPI) at optimum angles
Repeat-Pass Interferometry was demonstrated using Seasat, ERS-1 and JERS-1 data prior to SIR-C/X-SAR, but none of these systems were set up for optimum topographic mapping. In the case of Seasat and ERS-1, with a fixed look angle of 23°from nadir, the resulting images in areas of significant topographic relief had too much layover and shadow. JERS-1 had a more favorable look angle of 35°, but the system signal-to-noise ratio and orbit track repeatability and knowledge were unsuitable. On the last three days of the second SIR-C/X-SAR flight, the Shuttle crew were able to adjust and lock down their orbit to repeat ground tracks to within about 50 m. This enabled long swaths of RPI data (Fig. 8 ) at all three wavelengths, with a baseline separation optimized for topographic mapping to be acquired and processed (Lanari et al., 1996; Rosen et al., 2000) .
This paved the way for SRTM single-pass interferometry (SPI) data processing in 2000, to produce a near-global Digital Elevation Model (DEM) with 30 m postings, and 10 m height accuracy (Farr and Kobrick, 2000; Werner, 2001; Farr et al., 2007) . X-SAR RPI and the experience DLR gained with X-band topographic mapping on SRTM led to an even better global DEM (12 m postings, 2 m height accuracy) produced by the TanDEM-X mission starting in 2010 (Moreira et al., 2004; Krieger et al., 2007; Zink et al., 2014) . TanDEM-X again used the SPI approach, but from two separate platforms in bistatic radar operation, flying in formation with adjustable baseline geometry.
First multi-frequency RPI for surface deformation
The SIR-C/X-SAR missions enabled RPI studies of surface deformation over two timescales: the six months between the two Shuttle flights, and the day-to-day revisit during the orbit track lock-down period at the end of the second mission. Comparing across frequencies, the results indicated that longer wavelengths suffered less from decorrelation between observations in vegetated areas Lee et al., 2000) . Multi-frequency, multi-pass coherence maps in nonvegetated areas, for example Fig. 9 , were seen to provide better maps for geologic interpretation than SAR images alone (Coltelli et al., 1996) .
First demonstration of several system performance enhancements
The first generation of spaceborne SARs suffered from severe dynamic range problems. JERS-1 for example had 3-bit Analog-to-Digital convertors (ADCs) with a variable gain amplifier in front, to try to maintain the power level of the received echoes in the 'sweet spot' for the ADCs. Radarsat-1 had 4-bit ADCs, and ERS-1 had 5-bit ADCs. The dynamic range of a perfectly engineered ADC is roughly the number of bits multiplied by 6 in dB. This can be lower than the dynamic range of the observed backscatter within the received radar echoes, so ERS-1, JERS-1 and Radarsat-1 all suffered to a degree from ADC saturation effects which led to distortion in the radar measurements (Meadows, 1994) . In addition, all three generated In-Phase and Quadrature (I/Q) channels which were digitized separately. Since the I and Q channels were never truly orthogonal, this introduced an extra complication into the calibration of SAR data from these systems.
The SIR-C receiver system design incorporated 8-bit ADCs, with 48 dB dynamic range, and the transmitter had a variable pulse width to adjust the expected SNR for observations over different terrain types (e.g. open ocean, forested areas, grassland and farmland, desert, etc.). The radar also had variable bandwidth settings (Table 1) and used an offset video receiver (one channel instead of the two needed for I/Q).
Due to the low orbital altitude (~225 km) of the Space Shuttle and the high peak power available, the thermal noise-equivalent sigma-zero was expected to be very low for all three radars (−40 dB at L-band; −35 dB at C-band; and − 22 dB at X-band according to Jordan et al., 1995) . Most SIR-C data-takes used the (8, 4) Block Floating Point Quantization (BFPQ) scheme, and the round-off error introduced by the BFPQ step tended to define the image noise floor at about 18 dB below the average backscatter level in the scene. In at least one case, a very low backscatter scene was imaged using 8-bit quantization and the noise floor was estimated at −50 dB for L-band and − 35 dB for C-band . X-SAR data too had much lower noise floors than advertised, ranging from −27 to −44 dB as seen on-orbit (Zink et al., 1995) .
Because of all these enhancements, the radiometric quality of SIR-C/X-SAR data were very highand as faster 8-bit ADCs, BFPQs, digital pulse generators, and offset video receiver designs have become more prevalent, later generation SAR systems have risen to similar standards of quality (Table 2) .
First acquisition of PolInSAR data
Very few data sets were acquired in full polarimetric mode during the 3-day orbit lockdown on the second SIR-C/X-SAR mission, but serendipitously it turned out that would be enough to demonstrate the validity of an entirely new technique in radar remote sensing: Polarimetric SAR Interferometry, or PolinSAR (Cloude and Papathanassiou, 1998) . PolInSAR is a very powerful tool for estimating forest height, and to first order, the structure of vegetation canopies (Cloude et al., 2003; Li et al., 2003) , as seen in Fig. 10 . It is a foundational technique for the European Space Agency (ESA)'s future Fig. 7 . X-SAR image acquired over the calibration supersite around DLR Oberpfaffenhofen, Germany showing the point target response of six 3-m trihedral corner reflectors. The insert shows azimuth cuts through the C-band and X-band antenna patterns measured by ground receivers (gaps in the C-band data are due to the ScanSAR operation). The observed slight time offset between the peaks, corresponding to a squint of about 0.1°, was not a problem during the SIR-C/X-SAR mission, but later became an issue for SRTM that was addressed by electronic steering of the second antenna mounted on the tip of the boom (Geudtner et al., 2002) . A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 BIOMASS mission (Le Toan et al., 2011; Quegan et al., 2019) , NASA and ISRO's future NISAR mission (JPL, 2019), and for DLR's planned Tandem-L mission (Krieger et al., 2010; Moreira et al., 2015) .
First GPS reflection measurement from space
Another, somewhat unexpected, result from SIR-C/X-SAR was the first measurement of L-band Global Positioning System (GPS) signals reflected from the ocean surface (Lowe et al., 2002) . A re-analysis of archived SIR-C L-band data discovered data-takes that contained a strong, bistatic specular GPS reflection from a relatively smooth ocean. This paved the way for NASA's Cyclone Global Navigation System Satellites (CyGNSS) mission, which routinely uses this technique to estimate the strength of ocean surface winds and other surface phenomena from GPS reflections (Ruf et al., 2018) . The technique is now widely known as GPS Reflectometry or GNSS Reflectometry.
SAR systems after SIR-C/X-SAR
In addition to the innovations discussed above, a lot of lessons were learned during the SIR-C/X-SAR missions, which were freely and openly shared with the SAR community, e.g. (Freeman et al., 1996) . The following addresses some of those lessons, and discusses their influence on the design of SAR missions that have flown after SIR-C/X-SAR, and others that are in the pipeline for the future (Table 3) . (Cloude and Papathanassiou, 1998) . A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 
Concept of operations
The concept of operations (ConOps) built around targeting supersites on each and every pass was extremely valuable for Cal/Val of the data and for testing algorithms used to generate geophysical products. In some cases, however, a higher science return may have been possible by using instead a "mow-the-lawn" ConOps, a scenario in which area coverage is systematically built up by mosaicking together data strips acquired on successive orbit passes. This lesson was incorporated into the design of the JERS-1 Multi-Season Amazon Mapping Study (JAMMS) in 1995/6 Rosenqvist et al., 2000) , and the JPL mission design for the RADARSAT Antarctic Mapping Project in 1997 (Jezek et al., 1996; Jezek, 2008) . And, of course, SRTM (Farr et al., 2007) and TanDEM-X (Krieger et al., 2007) and other systematic global mapping SAR missions have very successfully adopted this same mow-the-lawn approach (e.g., ALOS-2 and Sentinel-1A/B).
Platform pointing
The Space Shuttle Endeavour was in many respects an ideal platform for the SIR-C/X-SAR missions: power for payload operations was plentiful, the payload mass and volume allocations were huge, and the skill of the astronaut crew in flying "locked-down" orbit tracks between missions has already been noted. There was just one area where the platform's performance was less than optimal: pointing. The onboard Digital Autopilot was capable of controlling Space Shuttle pointing by the selection of different attitude and attitude rate deadbands (Galvez et al., 2019) , and for SIR-C/X-SAR the preferred values were at the lower end: ± 1.0°for attitude and ± 0.02 o for attitude rate. Typical pointing knowledge requirements for today's SAR systems are one-tenth of the antenna beamwidth, which for SIR-C/X-SAR at C-band and Xband in the along-track (azimuth) dimension would have been 0.3 and 0.14°, respectively. This discrepancy between desired and actual performance meant that SAR system engineers had to derive some very clever approaches using Doppler trackingbased on the SAR data itselfto determine, post-acquisition, where the SIR-C/X-SAR antennas were actually pointing (e.g. Li et al., 1985; Madsen, 1989; Chang and Curlander, 1992; Moreira, 1992) , which would allow the data to be properly processed. Today's free-flying spacecraft platforms have much better pointing knowledge and control, down to the milli-arcsecond level if necessary (Blackmore et al., 2011) , obviating the need for most of the SAR data-based methods.
Design of Polarimetric SAR systems
Spaceborne polarimetric SARs flown to date have predominantly been implemented as experimental add-on modes to existing designs for single-polarized or dual-polarized systems. Lessons learned on the design and calibration of SAR systems specifically for fully polarimetric modes were captured in (Freeman, 2009) , and are summarized here:
1) The effective Pulse Repetition Frequency has to be increased by a factor of 2 over conventional single-or dual-polarized SAR systems; 2) The length of the SAR antenna should be increased, if possible, to compensate for the reduced ambiguity-free swath due to 1); 3) Changing to a circular transmit, linear receive polarization basis may result in more balanced range ambiguities, so after polarization synthesis to retrieve the more commonly used HH, HV, VH and VV backscatter signatures the cross-pol HV and VH terms are not dominated by ambiguous like-pol returns. Recent studies show, however, that the ambiguity suppression should be investigated for each system design and imaging geometry when estimating the total ambiguity levels in range and azimuth (Villano et al, 2017) ; 4) System reciprocity (transmit behavior similar to receive) cannot be assumed; it must be demonstrated. If the system is not reciprocal, corrections should be applied to the data; 5) Minimizing antenna cross-talk in the along-track direction results in the best cross-talk performance at the system level; 6) Polarimetric calibration can be greatly simplified if system cross-talk can be reduced to negligible levels.
These lessons have been applied to the design of a P-band (68 cm wavelength) SAR designed to operate in orbit at Mars (Campbell et al., 2004; Campbell et al., 2004a) , and also informed that of ESA's BIO-MASS SAR system (Le Toan et al., 2011; Quegan et al., 2019) .
Some SAR designers have begun to adopt compact or hybrid polarization architectures which have only two measurement channels (Souyris et al., 2005; Raney and Freeman, 2009 ), but are almost as rich in information as full polarimetry (e.g. Truong-Loi et al., 2009) , and allow less constrained swath coverage than was the case for SIR-C/X-SAR. SIR-C/X-SAR data provided fully polarimetric reference data sets against which to test such approaches. NISAR, RISAT-1 and the Radarsat Constellation Mission, for example, have all incorporated Compact-Pol modes (eoportal, 2019b; Rao et al., 2016; Charbonneau et al., 2010) .
Ionospheric propagation
Because of the low altitude of the Shuttle platform, ionospheric propagation had no expected or noticeable effect on SIR-C/X-SAR measurements and on polarimetric SAR calibration in particular. However, as early as 1994, there was interest in a free-flying version of SIR-C, which would have to be placed in a higher orbit, above most of the ionosphere. Research was initiated to examine the expected effects of ionospheric propagation, especially at the longer L-band wavelength, and at even lower frequencies such as P-band. The initial focus was on degradation in image quality due to group delay and pulse broadening effects in the highly dispersive ionosphere in the range direction; and lack of coherence to form a synthetic aperture due to ionospheric turbulence in the along-track direction (Ishimaru et al., 1999) . This work was extended to include the effects of both horizontal and vertical ionospheric inhomogeneities in (Liu et al., 2003) , and later to address propagation effects at VHF wavelengths . It was also realized early on that Faraday rotation could significantly distort polarimetric SAR measurements at the longer wavelengths (Ishimaru et al., 1999; Wright et al., 2003; Freeman and Saatchi, 2004) .
Subsequent longer-wavelength SARs flying in higher orbits would have to adapt the algorithms used for SIR-C polarimetric calibration to deal with ionospheric effects, particularly Faraday rotation, as discussed in (Freeman, 2004) . SIR-C polarimetric data was used to simulate the effects of Faraday rotation and then the performance of algorithms to correct for them. Thanks to the openness of the Japanese ALOS PalSAR (and later ALOS PalSAR-2) team in sharing data and information about their system, viable approaches for polarimetric calibration that account for Faraday rotation were quickly identified and verified (Meyer and Nicoll, 2008; Freeman et al., 2009) . Such techniques will prove invaluable again when the P-band (68 cm wavelength) BIOMASS polarimetric SAR system is launched iñ 2022 (Le Toan et al., 2011; Rogers and Quegan, 2014; Quegan et al., 2019) , which is expected to experience severe (many 10's of degrees) Faraday rotation, as well as other ionospheric distortion effects (Kim et al., 2017) . These techniques will also help ensure rapid turnaround in calibrating polarimetric SAR measurements from the planned NISAR (JPL, 2019) and Tandem-L missions (Krieger et al., 2010; Moreira et al., 2015) .
Wide-swath, high-resolution systems
The successful acquisition of ScanSAR data led to a breakthrough in providing wide-swath, and therefore more frequent, coverage of large regions of the Earth Fox et al., 2002) . The key trade-off, known even before SIR-C/X-SAR, has always been that A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 ScanSAR data yields only modest (typically 100 m or greater) spatial resolution. This will be remedied by future missions such as NISAR and Tandem-L, which have adopted a new technique developed by JPL and DLR, known as SweepSAR: a Scan-on-Receive architecture with a onedimensional, phased array feed combined with a large (and lightweight) reflector antenna. SweepSAR permits wide-swath data collection, while at the same time providing full polarimetry and fine spatial resolution of order 10 m (Freeman et al., 2009a) . Another technique, called Multiple Azimuth Phase Centers (MAPS), splits the antenna in the flight direction, so that each phase center is sampled by separate receivers. The additional samples allow reconstruction of the azimuth spectrum and control of ambiguities even at a lower Pulse Repetition Frequency (PRF), resulting in a wider echo window and swath width (Gebert et al., 2009 ).
Smaller, lighter antennas
With its huge dimensions of 12 m × 4 m, the SIR-C/X-SAR antenna is by far the largest civil-use SAR antenna flown to date, and the fact that it was a phased array at L-and C-band made it very heavy (3350 kg according to Jordan et al., 1995) . A couple of questions the SAR designer often has to answer are: can you make the antenna smaller, and lighter? SIR-C data collected in experimental modes at very high look angles (e.g. 63°) helped answer the first question with a qualified yes . The answer to the second question is also yes, but one has to give up some performance in either spatial resolution or ground swath (or both). With that proviso, it is certainly possible to design a SAR system that fits within a Smallsat form factor (< 300 kg total mass), and take advantage of the ongoing revolution in miniaturizing spacecraft (Freeman, 2018) . Commercial operators like Finland's IceEye and Japan's NEC Corporation have already demonstrated and put this into practice with Smallsat SARs on orbit that are returning quality SAR images (Bird et al., 2013; Yokota et al., 2013; Iceye, 2019) , and more are on the way (Filippazzo and Dinand, 2017; Saito et al., 2018; Capella Space, 2019) . The trend towards SmallSat solutions thus far has resulted in X-band SAR systems that provide high resolution (a few meters), single-polarization imagery in all weathers, but longer wavelength systems are under consideration (Freeman and Chahat, 2017) .
On-board processing (OBP)
One of the innovations demonstrated during SIR-C/X-SAR that remains under-exploited is onboard SAR processing (Tables 2 and 3 ). There are several explanations that can account for this. The first is that to preserve the full phase coherence in the data (for use in RPI for example), there is often not much (if any) data reduction from the 'raw' (as acquired) data format to the fully processed (complex) SAR image. Secondly, science users of SAR data often insist on each and every bit of the data collected being returned, so they can squeeze every last drop of science value from it. Thirdly, having access to the raw data does give flexibility in the format and quality of the final image product, in terms of number of looks, spatial resolution, geometric projection, calibration, etc. Finally, onboard processors with the appropriate throughput capacity have, until recently, been relatively expensive, massive and power-hungry.
The tide may yet turn for OBP on Earth-orbiting SARs as smaller, lightweight processors become available, and Smallsat SAR operators focus their attention on more application-oriented users, who have more interest in the information SAR systems can provide than in the underlying data. JPL (in collaboration with DLR and ASI) have recently proposed the VERITAS Venus-orbiting science mission, which would carry an InSAR payload known as VISAR (Hensley et al., 2015) . With a fixed baseline similar to SRTM (but much shorter), VISAR's two SAR antennas would collect Single-Pass Interferometric SAR data, and use OBP to reduce it to the level of an interferogram (Figs. 8 and 9 ), which can be spatially averaged (multi-looked) to reduce the data volume dramatically (by a factor of up to a 1000). For planetary scientists this modification of the raw SAR data is seen as not just acceptable, but highly desirable, since it would result in the return of the highest-value data setglobal surface topography at similar spatial scales to SRTMto help them fill in the missing pieces in the evolution of Venus' surface .
Tomography
The demonstration of PolInSAR using SIR-C/X-SAR data was so successful, it inspired researchers at DLR to introduce an entirely new technique called SAR Tomography, which can be thought of as PolInSAR with a new degree of freedom; multiple baseline separations. The concept of SAR tomography evolved in the late 90s after DLR had already gained experience with PolInSAR data acquisition and information retrieval by means of several flight campaigns using its airborne multi-frequency, multi-polarimetric SAR system. The airborne demonstrations were based on multiple repeat-pass tracks separated by a few tens of meters. SAR Tomography is an improvement over the single-baseline PolInSAR technique demonstrated with SIR-C/X-SAR because it can provide much better insights into the 3-D structure of vegetation canopies, resolving several different scattering layers at multiple heights (Reigber and Moreira, 2000; Tebaldini, 2010) . With enough spatial resolution, SAR Tomography can also be used to reveal the complex 3-D structure of urban and forested terrain, as demonstrated using TanDEM-X data (Zhu and Bamler, 2010; Fornaro et al., 2012; Nannini et al., 2019) . SAR Tomography is a core element of ESA's upcoming BIOMASS mission (Quegan et al., 2019) , which when it launches in 2022 will be the first systematic use of this technique in space. Tandem-L will also feature tomography as an operational technique that will be used to derive 3-D structure information in forests and ice (Moreira et al., 2015) .
Signals-of-Opportunity
Another under-exploited innovation resulting from SIR-C/X-SAR (Table 3) is the use of reflected Signals-of-Opportunity such as GPS to measure variations in geophysical properties of the Earth's surface (Lowe et al., 2002) . NASA's CyGNSS mission (Ruf et al., 2018) , which consists of 8 Smallsats flying in a 'string-of-pearls' formation, each mounted with GPS receivers on the top and bottom (nadir) decks of the spacecraft, has demonstrated the promise of this new remote sensing technique. Signals-of-Opportunity from existing microwave satellite transmissions cover all parts of the Radio Frequency spectrum, and open up the possibility of high temporal frequency measurements of geophysical parameters such as soil moisture; sea surface height; ocean vector winds; snow water equivalent; root zone soil moisture; and vegetation water content (Shah et al., 2018) . NASA recently selected the SigNals-Of-Opportunity P-band Investigation (SNoOPI)a CubeSat project pathfinder for measuring two of these environmental variables using reflected P-band Signals-of-Opportunity (Purdue, 2019) .
Summary and discussion
Following its two ground-breaking flights in 1994, SIR-C/X-SAR has had a profound impact on today's active microwave remote sensing systems, SARs in particular, which is expected to continue into the future. SIR-C/X-SAR's science results laid down the fundamentals for characterizing the surface of the Earth using radar backscatter images collected from orbit, serving as a foundation for analysis of data produced by the many satellites now in operation ( Table 2 ). The science was enabled by the introduction of a series of innovative radar techniques that have been incorporated into the design of today's SAR systems, and in some cases improved upon.
Where should we look for innovations that will influence the design A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 of SAR systems over the next 25 years? Speculating that far ahead, we appear to have reached a fork in the road, with three branches. The first branch leads to multi-mode systems utilizing phased array technology in relatively complex, adaptive systems like Sentinel-1, ALOS-2, Radarsat RCM, NISAR, and Tandem-L, flying on a handful of fairly large, dedicated platforms (Moreira et al., 2013) . Innovation along this branch will be through the application of sophisticated modes of operation such as SweepSAR, TOPSAR, ATI, PolInSAR and Tomography. Most of these systems have embraced the mow-the-lawn paradigm, and the resulting systematic acquisition of huge volumes of SAR data will surely overwhelm scientists without the application of machine learning and data analytics to efficiently extract information in a timely fashion. The second branch heads off towards simpler systems that embrace the Smallsat paradigm, each with reduced capability, that can be deployed in constellations of 10 or more to deliver increased temporal revisit frequency, or multi-static imaging capability. Innovation along this branch will be through miniaturization of radar electronics, and the mechanical design of antennas that can be stowed in very small volumes. As Smallsat SAR constellations grow large enough, and capable enough, leading to increased data volumes, machine learning and data analytics will have a role to play there too. The third branch points in the direction of Signals-of-Opportunity systems receiving signals from a multitude of RF sources in orbit, that fit on very small satellites, and can be deployed as constellations in very large numbers. Innovation here will be an endeavor to see how much information can be squeezed out of this unconventional approach to remote sensing, and whether the rich variety of techniques developed for monostatic SAR systems (as described in this paper) can be adapted to this type of bistatic measurement. These three innovation branches are not mutually exclusivethey can all co-exist, since there will likely be relatively little overlap in the science and applications they address, each serving different purposes. Further, Medium Earth Orbits (MEO) and Geosynchronous Earth Orbits (GEO) can be exploited in order to achieve an optimum system concept and design in terms of coverage, geometric resolution and number of satellites. The elements that made the SIR-C/X-SAR mission a success are now scattered to the four winds: the huge SAR antennas and the radar electronics are in storage, the Space Shuttle Endeavour found a home at the Los Angeles Science Museum (Fig. 11) , and the scientists and engineers who worked on the project have long since moved on to new pastures. But the most important piece of the system lives onthe data, which are still accessible through the long-term archive at the U.S. Geological Survey (USGS)'s Earth Resources Observation and Science (EROS) Center (USGS, 2019) and at DLR's Earth Observation Center (DLR, 2019) . (Meyer et al., 2017) have outlined a plan for a new SIR-C/ X-SAR data processor being developed at the Alaska Satellite Facility in Fairbanks, and it would be timely to see this realized on the occasion of the 25-year anniversary of the missions. It might make an interesting application of machine learning and data analytics to compare data from today's spaceborne SARs with the original, reprocessed SIR-C/X-SAR data and look for differences between that represent real surface changes over a quarter century. Fig. 11 . The Space Shuttle Endeavour, the platform that hosted the SIR-C/X-SAR system on both flights in 1994, has retired to its new home at the Los Angeles Science Museum. A. Freeman, et al. Remote Sensing of Environment 231 (2019) 111255 
